ELECTROPttORESIS O F YELLOW F E V E R VIRUS
The viruses of fowl-pox, myxoma of rabbits, and encephalitis of rabbits, as well as bacteriophage, have recently been very carefully studied by Natarajan and Hyde (5) , with interesting results. It has been suggested that separation of certain viruses from extraneous material may eventually be accomplished by means of electrophoresis; but all workers are not of the same opinion upon this point. A possible step in this direction, however, has been made by Olitsky and Long (6) in the recovery of vaccinia virus from non-infective tissues of recovered rabbits and from neutral serum-virus mixtures. In discussing the work of Brown and Broom, Hindle and Findlay (7) point out that a knowledge of the charge of the yellow fever virus may serve as a rational basis for therapy of the disease. It is to be hoped that additional knowledge of the electrical and other physical properties of the ultramicroscopic viruses may lead to further advance.
While the electrical charge of a virus m a y be inferred, in some instances, from adsorption or filtration experiments, it must be borne in mind that adsorption and filtration, although related, are probably not entirely dependent upon electrical forces. As pointed out in the preceding paragraph, even results obtained electrically with an apparatus of the Landsteiner and Pauli (8) type, or one of its numerous • modifications, m a y not depend solely upon the electrical charge (if any) of the virus itself. In considering the electrical charge of viruses one must guard constantly against errors due to associations between the virus and other substances; and methods involving agar bridges must include precautions against undue electroendosmotic flow. The volume of such flow through 2 per cent agar bridges 15 to 20 cm. in length is very small (9) with a current of 5 ma. (110 volts). In the "U" tube type of apparatus of 50 to 60 cc. capacity it probably does not affect the results, especially since the agar is discarded. However, where the agar itself is used as a test source of the material under investigation and has been in contact with it during the course of the experiment, electro-osmosis must be considered in interpreting the results. Very rapid capillary flow of water must also be considered in methods which involve the use of filter paper, since adsorption is not an instantaneous process, rate and extent being dependent upon temperature, viscosity, and other factors.
Methods
The experiments described in this paper were made with a modified Landsteiner and Pauli apparatus of the type (A) designed by Krueger, Ritter, and Smith (4). A slight modification of the electrodes was made by substituting zinc mercury amalgam dipping into concentrated zinc sulfate solution as described by Olitsky (10) then inserted and the bore of each was cleaned with a pledget of sterile cotton to remove excess vaseline. The side arms and bowl of the "U" tube were filled with diluted normal monkey serum. This was used instead of salt solution alone because it has been shown (11, 12) that the virus of yellow fever is soon inactivated in serum-free fluids. 1 Sterile cotton pledgets, freed from air bubbles, were then pushed into the side arms below the stop-cock to prevent diffusion. The infectious material was placed in the central arm and after about 5 minutes approximately 2 cc. were allowed to flow down into the central bowl until the fluid, rising a millimeter or two in the side arms, made contact with the agar bridges. The bowl is so constructed as to form circular currents within itself, thus avoiding contamination of the side arm material with virus from the center.
In addition to the glass apparatus, the electrical circuit contained a milliammeter and five dry batteries each developing 22.5 volts. At the proper time the circuit was closed and allowed to remain so for from 3 to 5 hours, the time depending on the material under investigation. The current, direct and uninterrupted, the time, the hydrogen ion concentration, and the composition of the material under investigation varied in different experiments and each is described in detail in Tables I and II and in the individual'discussions of the tests.
After passage of the electric current for the desired length of time, the circuit was opened, the stop-cocks were immediately closed, and the fluid in each arm was removed and injected intraperitoneally into a monkey (Macacus rhesus) as soon as possible. The material in the central arm served merely as an infectivity control, and was not exposed to the electric current. Monkeys that died were autopsied and the cause of death was determined by both gross and microscopical examination of the organs. Monkeys that survived were, in some instances, bled after a few weeks to obtain serum for complement fixation tests (14) and in all cases received an infective dose of virus to determine their continued susceptibility or possible immunization.
Experiments 1 to 8
In these tests the diluted normal monkey serum was clear and free from visible hemoglobin. It was freshly prepared each time from the serum of two or three monkeys and was diluted with sterile physiological salt solution or phosphate buffer solution as shown in Table I . The source of virus was clear serum, as free as possible from hemoglobin, taken from monkeys during their first febrile access due to yellow fever. The reaction in these eight tests ranged from pH 7.7 to 5.0. In Experiments 7 and 8, after mixing the normal serum and the pH 6.2 buffer solution the reaction remained pH 6.2, but it was necessary to adjust the reaction of the pH 5.0 mixture with a little ,-~/20 hydrochloric acid. The neutral mixture (Experiment 6) was prepared as usual with salt solution and adjusted with a small amount of 1~/20 acid.
Experiments 9 and 10
In these tests, known infective mosquitoes which had not had a blood meal for at least two weeks were killed with tobacco smoke and ground up in diluted nor-mal monkey serum. After centrifugation, the emulsion was passed through a Berkefeld N filter and substituted for the virus-bearing serum under conditions otherwise exactly like those obtaining in Experiments 1 to 8. The details of these two mosquito experiments appear in Table I .
Experiments 11 and 12
These experiments were conducted in exactly the same manner as Experiments 1 to 10, except that the normal serum was diluted with distilled water instead of saline solution and contained enough erythrocytes to produce a deep red, translucent, somewhat turbid fluid, most of the red cells being hemolyzed. It was not possible to determine the reaction by the colorimetric method, because of the hemoglobin present, but it seems likely that it was well on the alkaline side of neutral.
RESULTS AND DISCUSSION
The data in Table I show that in clear, hemoglobin-free serum dilutions having slightly alkaline reactions (pH 7.4 to 7.7) active virus was demonstrated three times at the cathode (negative pole) and never definitely at the anode. Experiment 2 was unsatisfactory because the animal inoculated with material from the anode may have been one of the naturMly refractory monkeys occasionally encountered. In Experiment 4 it is impossible to interpret the reactions of the monkeys as indicating either cataphoresis or anaphoresis. In Experiments 3, 5, 6, and 7 it seems that between pH 7.4 and pH 6.2 the virus first passes through its isoelectric range and then tends to reverse its direction of migration. It thus behaves like an amphoteric colloid. At a pH of 5.0 it was evidently inactivated (Experiment 8).
It is of interest to note that the mosquito virus migrated in the same direction as the serum virus. However, as has been pointed out, the migration of the virus may be due in large part to adsorption of some serum constituent which confers upon the virus uniform electrical properties regardless of origin.
That alterations in the composition of the suspending fluid may affect the migration of the virus is shown by Experiments 11 and 12, in which the virus migrated definitely to the anode (positive pole). It appears that the virus was influenced in some manner by the hemoglobin, by the red cells or their stroma, by some precipitate due to the addition of the water, by the low electrolyte content, or by some other unknown factor. It was observed, in conformity with the results of (16) and others, that the hemoglobin migrated strongly to the anode, invading the agar bridge for a distance of about 15 mm. It is possible that the virus adsorbed hemoglobin and migrated as such, or that the virus was swept toward the anode by the rapidly moving hemoglobin in spite of its own slower motion toward the cathode. These results agree, in many respects, with those of Hindle and Findlay. Using the filter paper method of Bedson and Bland (17) these workers concluded that in fluids having reactions between pH 5.2 and pH 7.0 the virus has a negative charge. They found the virus to be inactivated in fluids with a reaction more acid than pH 5.2. Thus it seems clear that the virus usually acts as though positively charged in alkaline fluids and as though negatively charged in acid fluids unless influenced by some factor such as hemoglobin or some other electrically active substance. The isoelectric point of the virus seems to be in the neighborhood of pH 7.0, possibly ranging from about 7.3 to 6.9. It is destroyed by acidities greater than pH 5.2.
Electrophoresis of Antibodies
We know, from the experiments of Field and Teague (18, 19) , and many other workers, that various kinds of antibodies against bacteria and their products and against various proteins behave in many instances like colloids and migrate in an electricM field. In the literature at hand there is little to be found relating to the electrical properties of the protective bodies in antivirus sera. From the results of Olitsky and Long (6) and Olitsky, Rhoads, and Long (20) , who electrically separated infective quantities of virus from non-infective tissues of vaccinia-recovered rabbits, and poliomyelitis-recovered monkeys, one may infer that the antibodies did not migrate or that they moved in a direction opposite to that of the viruses. In any case, the viruses, although neutralized by the antibodies, were certairdy not inseparably combined with them. A rather loose physical combination is indicated.
Very little is known of the nature of the reaction by which yellow fever immune serum protects susceptible animals against infection. It seems not unlikely, however, that a physical combination, possibly based upon mutual neutralization of two oppositely charged colloids, may occur.
In order to test this hypothesis experiments were arranged to ascertain, if possible, the charge carried by the antibodies in yellow fever immune serum. These experiments were in all respects similar to Tests i to 10, except that serum of an immune monkey was substituted for the virus-bearing material in the oentral arm of the apparatus.
In most of these experiments, 1 hour after injection of material from each arm of the apparatus each monkey was inoculated with fresh, virus-bearing blood. When, in a given test, the monkey receiving material from the positive arm of the "U" tube gave no evidence of infection while the animal that received material from the negative arm died of yellow fever or had a severe febrile attack within the incubation period, it was assumed that protective bodies must have migrated to the anode (positive arm). This is in accord with the suggestion that the reaction between virus and antibody involves two oppositely charged colloids, since, as has been shown in the preceding pages, the virus migrates to the cathode as a rule.
As shown in Table II , in four tests the monkey receiving material from the cathodal arm died of yellow fever and in a fifth test had a severe attack of fever. In a sixth test the anodal monkey died of yellow fever. The latter experiment is vitiated, however, by a question which arose immediately after inoculation, as to the identity of the two animals. The balance ~f satisfactory evidence makes it seem that yellow fever antibodies do not migrate regularly to the cathode. Migration to the anode, on the other hand, occurred in three (or possibly four) of the six trials. Among the three trials in which the antibodies are not recorded as migrating to the anode is one (4) in which polarization of the electrodes occurred, with marked precipitation of the protein, difference in reaction of the fluid in the two side arms, heating of the apparatus, etc. The antibodies apparently did not migrate satisfactorily in either direction. In another trial (5) the anodal animal died, after three days, of another infection (tuberculosis) and all organs affected were riddled with tubercles. There was no evidence, gross or microscopic, that yellow fever was in any way involved. The antibodies may have migrated to the anode in this test. They certainly did not migrate to the cathode since the cathodal animal died of typical yellow fever. After reviewing all of the evidence, scanty though it is, it seems not unreasonable to conclude 
CONCLUSIONS
1. When suspended in slightly alkaline (pH 7.4 to 7.8) saline dilutions of clear, hemoglobin-free normal monkey serum, the virus of yellow fever from infected monkeys and from infected, but blood-free, mosquitoes, usually acts as if it were possessed of a positive electrical charge.
2. The virus tends to assume a negative charge in fluids having a slightly acid reaction.
3. The isoelectric point of the virus seems to be in the neighborhood of pH 7.0, possibly ranging from pH 7.3 to pH 6.9.
4. Exposure to fluid having a reaction of pH 5.0 for 3 hours appeared to inactivate the virus.
5. In experiments in which the suspending fluid was prepared with normal serum diluted with distilled water and containing a good quantity of partly hemolyzed erythrocytes, the virus tended to migrate to the anode.
6. The protective bodies in yellow fever immune serum appear to carry a negative charge in slightly alkaline saline dilutions of serum.
